microRNAs form an abundant class of 21-22 nucleotide, non-coding RNA that is common to diverse species of multicellular life. Although they are currently the subject of intense, directed study, the path toward their discovery has been dominated by chance and serendipity. In this review, I examine how these tiny molecules have risen from genetic obscurity to scientific stardom, and discuss the emerging biological functions of these novel riboregulators.
similarity between lin-4 and let-7 is striking: both are 21-22 nt RNAs that are associated with apparent precursor RNAs with stem-loop structure, and both mediate post-translational regulation of target mRNAs via imperfectly complementary sites in their 3′ UTRs. Some putative target transcripts even contain potential binding sites for both RNAs. As lin-4 and let-7 both regulate developmental timing, they were for some time called small temporal RNAs (stRNAs). It is remarkable that lin-4 and let-7 were the fourth lineage mutant and seventh lethal mutant described in C. elegans, mutant classes for which 60 and ~900 mutants have been described, respectively. Thus, genetics had long pointed its finger at the importance of such loci.
The discovery of let-7 proved that lin-4 was no genetic oddity. But it was still possible that they represented regulatory curiosities of the nematode. Prompted by the presence of let-7 in the partially completed sequence of the fruitfly and human genomes and further spurred by discussions at a 1999 NASA meeting on developmental evolution, the Ruvkun group organized a consortium that asked whether lin-4 or let-7 could be detected in other species. In 2000, this group reported that let-7 was conserved in amazingly diverse bilaterian species, including molluscs, sea urchins, flies and humans [12] . Curiously, initiation of let-7 expression usually coincided with the onset of developmental transitions, raising the possibility of a conserved role for small RNAs in controlling developmental timing [13] [14] [15] [16] . Suddenly, it became clear that these small RNAs were something that would be interesting to a lot of researchers.
The Molecular Period: Deliberate Cloning of Hundreds of Animal miRNAs
Perhaps one of the most spectacular examples of scientific serendipity is the fortuitous initial observation of RNA interference (RNAi), whereby exogenous doublestranded RNA strongly antagonizes the activity of a homologous endogenous mRNA. Gene knockdowns using antisense RNA have been attempted in many organisms, based on the idea that they should interfere with the translation of their cognate mRNAs. However, the efficacy of antisense RNA has historically been highly variable, so it never became established as a proven protocol. Even more puzzling was the observation that sense RNA could sometimes elicit a loss-offunction response, a technique reliably used for some years in plants to silence endogenous loci. In 1998, Fire and Mello attempted antisense knockdowns in nematodes, but went the extra mile by also testing the effect of sense RNA and double-stranded sense plus antisense RNA as controls. To their surprise, they found that introduction of double-stranded RNA (dsRNA) induced specific and nearly complete phenocopies of corresponding genetic mutations [17] .
RNAi was subsequently applied successfully to other species, revolutionizing reverse genetics in animals. containing nuclease activity [18] [19] [20] [21] [22] . As this work has been extensively reviewed, I refer the reader to recent detailed assessments of RNAi [23, 24] . It goes without saying that the similarity in size of lin-4, let-7, and siRNAs was provocative. By mid-2001, a mechanistic connection between miRNA and siRNA biogenesis was established through the combined work of a number of labs, including the Mello, Fire, Ruvkun, Plasterk, Hannon, Bass, Tuschl and Zamore groups. Collectively, they showed that Dicer is required not only for RNAi and siRNA production, it also processes let-7 and lin-4 from their respective stem-loop precursors (Figure 3 ) [25] [26] [27] [28] . Argonaute proteins, which are found in the RISC, were also shown to be required for miRNA biogenesis. Finally, dicer and argonaute-like mutant worms are defective in some aspects of RNAi and display phenotypic similarities to let-7, thus demonstrating the biological relevance of the in vitro work. Taken together, these studies indicated that elements of a common pathway are involved in regulation by siRNA and stRNA.
At the same time, Tuschl and colleagues had worked out a technique to directionally clone siRNAs, which they used to determine the distribution of siRNAs generated from input dsRNA [20] . When they applied this protocol to dsRNA-treated fly and human cells, they fortuitously found that endogenously encoded small RNAs could be cloned, whose expression was actually independent of the dsRNA treatment. One class of these molecules corresponded to 21-22 nt RNAs derived from retrotransposons, which was consistent with genetic evidence that linked RNAi to suppression of transposon activity. To their surprise, however, they found that the collection of cloned sequences also included let-7. The Bartel and Ambros labs independently applied similar techniques to clone small endogenous RNAs from worms. The results of the three labs were published near the end of 2001. Together, they demonstrated that small RNAs with the structural characteristics of lin-4 and let-7 exist throughout development and are widespread in metazoans [29] [30] [31] . As the initial discovery of 'small temporal RNAs' appears to have come about by an accident of history, this term has been largely subsumed by the general designation of microRNAs (miRNAs).
The existence of small cloned RNAs as products of discrete miRNA genes, as opposed to random RNA breakdown products, was judged in several ways: (1) the cloning procedure used by the Tuschl and Bartel groups selected for molecules with 5′ phosphate and 3′ hydroxyl groups, which are characteristic of Dicer cleavage products, but are uncharacteristic of hydrolyzed RNA from random breakdown; (2) Northern analysis demonstrated the specific accumulation of these 21-22 nt miRNAs; (3) many miRNAs associated specifically with a Gemin-containing protein complex dubbed the 'miRNP complex' by the Dreyfuss lab [32] ; (4) most importantly, the corresponding genomic context of miRNAs showed that, as a rule, one could infer the existence of a longer precursor transcript (pre-miRNA) 70-100 nt in length. This precursor adopts a hairpin structure that contains the miRNA in one arm.
Two corollary points come from the search for miRNA-encoding sequences in the genome. First, perfect matches to cloned miRNAs almost always derive from non-genic portions of the genome. This indicates that animal miRNAs are not generally involved in siRNA-like regulation of perfectly complementary endogenous targets. Second, whereas siRNAs from both strands of processed dsRNA are stable, only one arm of the processed pre-miRNA hairpin is stable. Nevertheless, the non-miRNA cleavage products of pre-miRNA, termed 'miRNA* species', were cloned occasionally. Alignment of miRNA:miRNA* products within the parental hairpin indicates that they are excised as a duplex with 2 nt 3′ overhangs, similar to a classic siRNA duplex. The instability of most miRNA* species is attributable to asymmetric transfer of Dicer cleavage products into the RISC. This is heavily influenced by the relative stability of the ends of the diced miRNA:miRNA* duplex, as the strand Current Biology R927 By contrast, miRseeker begins by identifying orthologous conserved sequences through a whole-genome alignment [48] . From this, it extracts 100 nt windows of non-coding sequence with a minimum level of nucleotide conservation. miRseeker then folds orthologous sequences in both species and evaluates them with respect to the length of the potential hairpin, the quality of the hairpin and the free energy of the structure. Finally, miRseeker evaluates the distribution of divergent nucleotides across the hairpin. It was realized that the hairpin loop is evolutionarily far less stable than the miRNA* arm, even though both will diverge given sufficient evolutionary time (Figure 4) . On the timescale of the 30 million years that separate the two Drosophilid genomes analyzed, >95% of the genuine pre-miRNAs are either completely conserved, display divergence exclusively within the loop, or show a greater number of diverged nucleotides within the loop than on the presumed miRNA* arm ( Figure 4A-C) . This inference of a canonical evolutionary pattern for miRNA genes allows miRseeker to discard other classes of strikingly conserved, extended stem-loop structures with confidence ( Figure 4E) . miRseeker was the most effective program for correctly identifying genuine, expression-validated miRNA genes via two-genome analysis. The opportunity to begin with high-quality aligned Drosophilid genomes restricted the miRNA search to truly orthologous and syntenic candidate regions. This probably contributed to its success, as BLAST retrievals using certain relaxed settings can produce a preponderance of nonhomologous sequences from other species. However, usage of BLAST by miRscan to identify candidates is essential in cases in which good whole genome alignments are not feasible. In addition, its feature of creating a consensus from multiple species may be useful in higher-order genome analyses, as the criterion of true three-genome conservation significantly raises the confidence level of completely novel miRNA candidates in silico.
Can We Find All miRNAs in All Species?
Given the success of current miRNA cloning protocols, it has now become quite en vogue to apply this technique to RNAs from one's favorite organism, tissue or cell type. However, as a majority of cloned 21-22 nt RNAs are either fragments of tRNAs or rRNAs, or are processed from non-hairpin RNAs, the categorization of completely novel cloned sequences as miRNAs will depend upon the availability of the corresponding genomic sequence that relates it to a hairpin pre-miRNA transcript [52] . Accordingly, the subsequent, published cloning efforts have focused on microRNAs from sequenced genomes, including those of mice and men [ A trivial explanation might be that many miRNA mutants may not have significant phenotypes. We cannot assume a priori that every miRNA has an essential regulatory role, and if they are more often used only to fine-tune gene expression, then mutations may not be obviously revelatory. Genetic redundancy or overlap might also contribute to this phenomenon, as a significant fraction of miRNAs belongs to gene families whose members could compensate for each other. Lastly, many miRNAs are expressed only at adult stages and might regulate processes such as behavior or metabolism, so their mutant phenotypes could require very specific assays to detect.
Other practical and psychological reasons also figure into the equation. Forward genetic screens usually require the isolation of a complementation group comprising several mutant alleles of one gene for further analysis, whereas the large number of 'single hit' mutants are generally not characterized further due to the difficulty of identifying such mutations molecularly. As well, there is a powerful behavioral reinforcement from repeatedly hitting the same gene in a mutant screen, which is often taken as a measure of its 'importance'. The size of typical protein-encoding genes in worms or flies is such that individual genes are hit every few thousand mutagenized individuals. As the target size of a miRNA is perhaps 2 to 3 orders of magnitude smaller, however, one would not retrospectively expect to obtain an miRNA complementation group in a genetic screen of typical scale.
With . This enigmatic locus had originally been discovered some years earlier through its effect on growth control [64] . Many person-years were devoted to the cloning of bantam, but these efforts succeeded only in demonstrating that bantam apparently corresponded to none of the protein-encoding loci in the region. In fact, bantam was eventually found to encode a miRNA that promotes cell proliferation and suppresses apoptosis, in part by directly inhibiting translation of the pro-apoptotic gene head involution defective (Table 1) . This was the first demonstration of a miRNA that regulates a process other than cell lineage, and its genetic properties classify bantam as a genuine oncogene. Regulation of apoptosis by bantam does not fully explain its effects on proliferation, however, and none of the known players seems to be a likely direct target. Therefore, further studies of this miRNA may lead to the discovery of new genes and to mechanistic insight into the control of cell proliferation.
A second genetically defined fly miRNA emerged shortly after bantam. The Hay lab identifed a loss-offunction mutation in mir-14 as a genetic enhancer of ectopic apoptosis [65] . Conversely, overexpression of miR-14 was a potent inhibitor of cell death and produced a stunning suppression of cell death induced by any of several pro-apoptotic genes (Table 1) . mir-14 mutants display elevated levels of the proapoptotic caspase effector Drice, although it remains to be seen if miR-14 regulates drice directly. Null mutations in mir-14 also show defects in lipid metabolism, a role that is under investigation. With the proverbial lightbulb turning on in everyone's head now, many researchers have gone back to their P-element collections or mutant stocks to re-evaluate 'the ones that got away'.
It is now evident that existing collections contain transposon insertions that affect other miRNAs.
Plants are not to be left out of the current flurry of miRNA genetic studies. As discussed, strong biochemical evidence links plant miRNAs to regulation of transcription factors that control various aspects of developmental patterning, and both mutations and viruses that affect the RNAi/miRNA pathway certainly show strong developmental defects. Nevertheless, the geneticist seeks firm in vivo evidence that the effects seen in the test-tube actually play a significant biological role that can be detected by mutant phenotypes.
An early indication that specific miRNAs play major developmental roles in plants came from the dominant phabulosa (phb) and phavoluta (phv) mutants (Table 1) . These mutants identify related homeodomain-leucine zipper transcription factors that control radial patterning of the leaf primordium [66] . Mutant phb transcripts are present at elevated levels and are expressed ectopically on the abaxial domain of the leaf primordium, rather than being restricted to the adaxial domain. This might suggest a regulatory defect in these alleles. It was subsequently noticed that the phb/phv dominant mutations disrupt a miRNA-complementary site [45] , and in vitro studies established that miR165/166 promote cleavage at this site in wild-type but not mutant mRNAs [42] . These findings strongly suggest that the basis of the dominant phb/phv alleles is their resistance to negative regulation by miR165/166.
Although the phb/phv story is quite compelling, two additional studies from mid-2003 provide some necessary genetic links for the involvement of plant miRNAs in developmental patterning. In one study, the Weigel and Carrington groups studied the JAW locus, which was identified by activation tags that lead to overexpression of an endogenous gene. The gene name is actually a bit of a misnomer: the mutant was originally described as having serrated leaves, but the actual defect is uneven leaf growth that results in crinkly leaf edges. Coincidentally, recent studies in snapdragons showed that in CINCINNATA mutants, which affect a TCP transcription factor, the coordinated pattern of proliferation is disturbed, resulting in crinkly leaves [67] . The researchers traced the JAW locus to overexpression of a miRNA of the miR-159 family [68] . miR-JAW displays excellent complementarity to a motif found in several TCP genes, suggesting that its gain-of-function phenotype is caused by downregulation of TCP genes (Table 1) (Table 1) . Conversely, AP2 constructs that mutate the miRNA binding site, but not wild-type constructs, cause strong defects in floral patterning. Together, these new plant studies begin to fulfill the prophecies made about the regulatory roles for miRNAs during plant development.
Systematic Searches for Animal miRNA Targets
Because of their spectacular complementarity to target mRNAs [45] , the status of plant miRNA targets is way ahead of their animal brethren. While it is widely presumed that miRNAs will generally turn out to be negative post-transcriptional regulators, only a few of the hundreds of animal miRNAs have actually been linked to direct regulatory targets. Target-finding schemes are therefore a burning topic of the moment.
Genetics will surely help in this regard. After all, the first well characterized animal miRNA-target pairs Current Biology R931 Figure 4 . Evolution of a miRNA gene. The pre-miRNA sequence represents the superposition of two orthologs from different species, and diverged nucleotides are represented by X. The mature miRNA is shown in red and its miRNA* in pink. The miRNA* sequence diverges slower than does the loop sequence. Therefore, when miRNA sequences from closely related species are compared, they can be grouped into three classes: no divergence (A), divergence exclusively within the loop (B), loop divergence ≥ ≥miRNA* divergence (C). In more distantly related species, the miRNA* sequence eventually diverges enough that essentially only the miRNA is preserved (D). Because of this pattern of divergence, homologous miRNAs always derive from the same hairpin arm. These characteristics aid the informatic identification of miRNA genes. For example, strongly conserved hairpin sequences that show divergence in the presumed miRNA* but not the loop (E) can be discounted with 95% confidence. Do these observations allow us to more generally determine animal miRNA targets informatically? The first attempt to do so has just been reported by the Cohen and Russell groups, where predictions of Drosophila miRNA targets were made based upon the principles of overall complementarity, site conservation and 5′ pairing [76] . Their strategy succeeded in validating several new miRNA-mRNA regulatory pairs. Notably, their study showed in vivo evidence for direct regulation of multiple pro-apoptotic genes (including grim, reaper and sickle) by the K-box family members miR-2a and miR-2b, and direct regulation of hairy and multiple Notch-regulated members of the Enhancer of split complex by miR-7, a GY-box family member. This single study doubled the number of identified animal miRNA targets.
One sobering note, however, is that the amount of complementarity between miRNAs and their validated target sites is not statistically significant at the genome-wide scale. As single target sites can mediate regulation, additional insight needs to be gained as to the functionally relevant features of miRNA-mRNA pairing in order to improve targetfinding. Informatic strategies will also be aided by the availability of genomic sequence from other related species. For example, although the mosquito Anopheles is too distant to Drosophila to permit a systematic genome wide analysis, the conservation of certain target sequences in Anopheles orthologs helped make a compelling case in silico for regulation of multiple genes in the valine, leucine and isoleucine degradation pathway by miR-277 [76] . It is also possible that molecular biological methods that report on miRNA-mRNA hybridization may prove useful [77] . Biochemical studies now support a compartmentalized, stepwise view of miRNA processing from longer primary miRNA (pri-miRNA) transcripts (Figure 3) . It was recently shown that the RNase III enzyme Drosha cleaves pri-miRNAs in the nucleus to yield pre-miRNA hairpins [89, 92] . The pre-miRNA is then exported from the nucleus and subsequently processed by Dicer in the cytoplasm to give rise to the mature 21-22 nt miRNA. Since at least some miRNAs can be associated with spliced cDNAs, some miRNA genes may even be initially transcribed as a 'pre-pri-pre-miRNA'.
It is easy to imagine that various aspects along the way of miRNA production could be subject to regulation. For instance, could the existence of rare cDNA clones for some miRNAs reflect that processing of their pri-miRNAs by Drosha is negatively regulated? Does the accumulation of certain pre-miRNA hairpins in wild-type conditions reflect a negative regulation of Dicer cleavage? Perhaps most importantly, how is the transcription of miRNAs regulated? As is the case for many mRNAs, miRNA expression can be temporally regulated and/or tissue specific. Since miRNA misexpression can have profound effects, it will be essential to understand how miRNA deployment is regulated during the course of normal developmental patterning and homeostasis.
The recent study of bantam employed a novel 'sensor' approach to detect miRNAs in situ for the first time. The sensor is a ubiquitously expressed reporter gene containing sites that are perfectly complementary to bantam and thus subject to bantam-mediated RNAi. The expression of the sensor is therefore lower in cells containing high levels of bantam, creating a 'negative' of bantam expression. The bantam sensor revealed a spatially complex expression pattern, and nicely demonstrated that bantam levels were highest specifically in proliferating cells, which was consistent with its genetic role in promoting proliferation [63] . More traditional promoter-reporter fusions were also used to define transcriptional regulatory elements for let-7 [93] . We may expect the full range of promoter bashing techniques to soon be applied more generally to understand the spatial and temporal regulation of miRNAs.
Finally, the laborious method of Northern analysis limits the scope of studies that can be performed. A first-generation miRNA microarray shows some promise for allowing simultaneous evaluation of the levels of a genome's worth of miRNAs [94] . If the example of conventional microarrays aimed at monitoring mRNA levels is any indication, we may expect this strategy to be tremendously useful in grouping functionally related miRNAs and potentially connecting them to specific biological processes or pathways.
Small RNAs: Unknowns No Longer, or Is There More to Come? It is apparent that regarding small RNAs, we understand only a piece of the picture. There is clearly much that does not fit neatly into current models. Although the initial reports did not call attention to them, larger censuses of small RNA cDNA libraries have revealed a significant class of 21-22 nt RNAs whose origin is not well-accounted for. These have been variously called 'tiny non-coding RNAs' (tncRNA) [47] , 'miRNA-like' (miR-lk) [55] molecules and 'repeat-associated silencing RNAs' (rasiRNAs) [57] . It remains to be determined how many functionally different types of small RNAs are represented by these clones. These small RNAs differ fundamentally from miRNAs in that they do not arise from 70-100 nt hairpin precursors. Nevertheless, these other classes of small RNA display a strong size bias that suggests regulated processing by a Dicer-like activity, and the accumulation of several tncRNAs is Dicer-dependent. A second difference is that unlike miRNAs, whose sequence is subject to functional constraint, these other small RNAs are not generally conserved phylogenetically. Still, the fact that many of them were cloned multiple times indicates that they cannot be considered as freak occurrences. rasiRNAs were noticed to potentially be derived from genomic regions rich in repeats. This suggested a role in heterochromatic silencing, similar to endogenous siRNAs that are involved in chromatin methylation and silencing [60] . As for the rest of the other small RNAs, it remains unclear whether they serve vital cellular functions or are randomly processed bits of RNA.
In summary, what started as a genetic oddity in worms over a decade ago has emerged in the past few years as a regulatory mechanism of fundamental importance to all multicellular life. Given the current flood of research, with nearly every finding in the field being made simultaneously by multiple labs, we may expect to see rapid progress on open questions. The most important amongst these are determining the biological functions of the hundreds of anonymous miRNAs in different species and understanding the biochemical mechanisms by which they operate. However, the course of research will inevitably be influenced by the unforeseen and the unanticipated. And what of these remaining unknown unknowns? We may rest assured that whether by chance or by design, they will eventually announce themselves and receive their day in the scientific limelight.
